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Orthorhombic GdFeO3 has attracted considerable attention in recent years because its magnetic
structure is similar to that in the well-known BiFeO3 material. We investigate electronic structure,
magnetism, and optical properties of the orthorhombic GdFeO3 in terms of density-functional-theory
calculations. The modified Becke-Johnson (mBJ) exchange potential is adopted to improve on the
description of the electronic structure. Our calculation show that the G-type antiferromagnetic
(G-AFM ordering of Fe spins) phase of orthorhombic GdFeO3 is stable compared to other magnetic
phases. The semiconductor gap calculated with mBJ, substantially larger than that with GGA, is in
good agreement with recent experimental values. Besides, we also investigate effect of the spin-orbit
coupling on the electronic structure, and calculate with mBJ the complex dielectric functions and
other optical functions of photon energy. The magnetic exchange interactions are also investigated,
which gives a Neel temperature close to experimental observation. For comparison towards sup-
porting our results, we study the electronic structure of rhombohedral (R3c) BiFeO3 with mBJ.
These lead to a satisfactory theoretical understanding of the electronic structure, magnetism, and
optical properties of orthorhombic GdFeO3 and can help elucidate electronic structures and optical
properties of other similar materials.
I. INTRODUCTION
Bismuth ferrite (BiFeO3) is the representative of
single-phase multiferroic materials, which displays an-
tiferromagnetic order below TN∼643 K and possesses
relatively high spontaneous electric polarization of 59.4
µC/cm2 until Tc∼1100 K [1–3]. Besides, BiFeO3 is a
perovskite whose most stable phase is a rhombohedral
distorted structure with space group R3c. As a mag-
netic materials similar to BiFeO3, the orthorhombic dis-
torted GdFeO3, which has the Neel temperature 661 K
and belongs to the perovskite rare-earth orthoferrites,
has sparked substantially curiosities and stimulated rel-
atively deeper research [4–7].
The GdFeO3 compound has a complex H-T phase dia-
gram and undergoes a plurality of magnetic phase transi-
tion, accompanying the dramatic changes in the electrical
properties [8]. The orthorhombic distorted GdFeO3 com-
pound (Pbnm), with Gd3+ ions at the center and Fe3+
ions at the corners surrounded by oxygen octahedra, pos-
sesses weak ferromagnetism and ferroelectricity [4, 5, 7].
Under electric and magnetic fields, the ferroelectric po-
larization and magnetization of GdFeO3 compound has
been successfully brought under control for wide appli-
cations [9]. A spontaneous polarization of about 0.12
µC/cm2 was obtained at 2 K [7], which is basically iden-
tical with the measured value in the perpendicular mag-
netic system [10]. According to the Bertaut notation, the
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spin structure of Fe3+ is GxAyFz [11]. Below T
Gd
N =2.5
K, the magnetic order of Gd3+ is antiferromagnetic along
a-axis, showing Gx antiferromagnetic order and ferroelec-
tric polarization characteristic [4, 12]. The interaction
between adjacent Fe3+ and Gd3+ layer induces the ferro-
electric polarization along the c-axis [12]. It was reported
that the Fe spins in BiFeO3 form a G-type antiferromag-
netic (G-AFM) order, with the spins on the Fe3+ ions
being aligned anti-ferromagnetically along the [111] axis
[13]. Interestingly, GdFeO3 can show a ferromagnetism
below 5 K [4, 14, 15], and at TFeN =661 K, Fe
3+ also forms
the G-AFM order in GdFeO3 and shows a weak ferro-
magnetism due to the Dzyaloshinskii-Moriya interaction
[16–18]. On the other hand, the first-principles calcula-
tion suggested that the antiferromagnetic phase of the
orthorhombic GdFeO3 is more stable than the ferromag-
netic phase [19], and it was also pointed out that the
transition from antiferromagnetic to paramagnetic order-
ing occurs at 670 K [6, 7, 9].
Despite a large number of experimental studies con-
cerning the electromagnetic of orthorhombic distorted
GdFeO3, the theoretical reports are extremely meager
and it is necessary to use theoretical approaches to per-
form further study. Here, we investigate the electronic
structure and magnetic and optical properties of the or-
thorhombic GdFeO3 through density functional theory
(DFT) calculation. In order to better understand the
electronic properties of GdFeO3, we also investigate the
electronic structure of BiFeO3 for comparison. The rest
of this paper is organized as follows. We shall describe
our computational details in the second section. We shall
present our main calculated results and analysis in the
2third section. Finally, we shall give our conclusion in the
fourth section.
II. COMPUTATIONAL DETAILS
The full-potential linearized augmented plane wave
method within the density-functional theory (DFT) [20,
21], as implemented in the package Wien2k [22], is uti-
lized in our calculation. Firstly, the popular general-
ized gradient approximation (GGA-PBE) [23] is adopted
to optimize crystal structures and investigate electronic
structures and magnetism. Because the standard semi-
local GGA usually underestimates energy band gaps
[24], we use the mBJ approximation [25] for the ex-
change potential, taking the local density approxima-
tion (LDA) [26] to treat the correlation potential, as
usual for improved description of electronic structures
and optical properties. For electronic structure cal-
culations, the mBJ has been demonstrated to signifi-
cantly improve and produce accurate semiconductor gaps
for sp semiconductors, wide-band-gap semiconductors,
and transition-metal oxide semiconductors and insulators
[25, 27–30]. Because the theoretical semiconductor gaps
are improved, much better computational results can also
be obtained for the optical properties. The full relativis-
tic effects are calculated with the Dirac equations for core
states, and the scalar relativistic approximation is used
for valence states [31, 32]. We also take the spin-orbit
coupling (SOC) into consideration. The cut-off energy is
set to -6 Ry to separate core states from valance states.
The k-mesh size in the first Brillouin zone is 11×10×7
for GdFeO3, and 10×10×10 for BiFeO3. We make har-
monic expansion up to lmax=10, set Rmt×Kmax=7, and
use magnitude of the largest vector Gmax=12 in charge
density Fourier expansion. The radii of Gd, Bi, Fe, and
O atomic spheres are set to 2.27, 2.12, 1.99, and 1.77
bohr, respectively. The self-consistent calculations are
considered to be converged only when the integration of
absolute charge-density difference per formula unit be-
tween the successive loops is less than 0.0001|e|, where e
is the electron charge.
III. RESULTS AND DISCUSSION
A. Crystal structure
The orthorhombic GdFeO3 investigated here has space
group Pbnm (No.62) [4, 19, 33, 34] at low temperatures.
The experimental lattice constants are a = 5.349 A˚,
b = 5.611 A˚, and c = 7.669 A˚ [33]. We demonstrate
the crystal structure of the orthorhombic GdFeO3 in Fig.
1(a). At first, we optimize the lattice parameters and
ionic positions with GGA and LDA. The optimized lat-
tice parameters are summarized in Table I. Existing ex-
perimental results [33, 34] are also presented for compar-
ison. The GGA optimized volume V is 2.0% larger than
FIG. 1. (Color online) The crystal structure and three antifer-
romagnetic ordering configurations in orthorhombic GdFeO3:
(b) A-AFM, (c) C-AFM, and (d) G-AFM. The arrows indi-
cate magnetic moment orientations on Gd and Fe atoms.
the experimental volume [33], but the LDA optimized
volume V is 5.1% smaller. It can be clearly seen that
the lattice constants and volume calculated with GGA
are closer to the experimental data [33, 34] than those
with LDA. Therefore, the other properties are investi-
gated on the basis of the GGA optimized result. The
GGA-optimized atomic positions are summarized in Ta-
ble II. After internal structure optimization, the Gd atom
occupies the (0.9911, 0.0639, 0.25) site, the Fe atom the
(0, 0.5, 0) site, the O1 atom the (0.7024, 0.3121, 0.0488)
site, and the O2 atom the (0.0927, 0.4726, 0.25) site in
Wyckoff coordinates. They are consistent with the exper-
imental orthorhombic structure [33, 34]. Furthermore,
the three optimized Gd-O bond lengths are 2.307 A˚, 2.347
A˚, and 2.399 A˚, slightly larger than Fe-O bond lengths
of 1.968 A˚, 1.974 A˚, and 2.124 A˚. These are in line with
the relation of ionic radii, Gd3+ > Fe3+, and in accor-
dance with the previous reported values [34]. The dis-
tances between Gd3+ and Fe3+ are 3.136 A˚, 3.284 A˚,
and 3.362 A˚. The bond angles of Fe-O-Gd are 85.38◦ and
87.34◦, deviating from the ideal values of 90◦. These im-
ply that the orthorhombic GdFeO3 has undergone great
structural distortion.
In addition, we have calculated the GGA total ener-
gies of four different magnetic ordering configurations:
ferromagnetic and three antiferromagnetic (AFM) ones.
The three AFM structures are shown in Fig. 1(b-d) and
denoted by A-AFM, C-AFM, and G-AFM, respectively.
3TABLE I. The lattice parameters optimized with LDA and
GGA and experimental data of the GdFeO3.
a(A˚) b(A˚) c(A˚) V (A˚3) α = β = γ (◦)
GGA 5.399 5.714 7.612 234.83 90.0
LDA 5.222 5.620 7.446 218.51 90.0
Exp.[33] 5.349 5.611 7.669 230.17 90.0
Exp.[34] 5.351 5.612 7.671 230.38 90.0
TABLE II. The atomic positions (x, y, z) optimized with GGA
of the GdFeO3, in comparison with experimental values.
Atom site x (exp.[33,34]) y (exp. [33, 34]) z (exp. [33, 34])
Gd 4c 0.9911 0.0639 0.2500
(0.9844, 0.9846) (0.0628, 0.0626) (0.2500, 0.2500)
Fe 4b 0.0000 0.5000 0.0000
(0.0000, 0.0000) (0.5000, 0.5000) (0.0000, 0.0000)
O1 8d 0.7024 0.3121 0.0488
(0.6957, 0.6966) (0.3016, 0.3011) (0.0506, 0.0518)
O2 4c 0.0927 0.4726 0.2500
(0.1005, 0.1009) (0.4672, 0.4669) (0.2500, 0.2500)
Taking the total energy of the lowest G-AFM structure
as a reference, the other three energies are higher, which
is consistent with the experimental results [4, 8]. This
ground-state magnetic structure is similar to the mag-
netic ordering of rhombohedral BiFeO3 where the Fe
spins form a G-AFM structure [35]. These results are
also consistent with LSDA+U calculation [19].
B. Electronic structures
With the optimized crystal structure, we calculate with
both GGA and mBJ potentials the spin-dependent en-
ergy band structure and the densities of states (DOSs)
of the orthorhombic GdFeO3 between -6 eV and 4 eV.
The two band structures are shown in Fig. 2. The con-
duction band bottom and the valence band top are lo-
cated at the same S point in both of the band structures.
This means a direct gap for the orthorhombic GdFeO3.
It can be seen that the GGA semiconductor gap is 0.61
[Fig. 2(a)] eV, a little larger than earlier first-principles
result 0.54 eV [36], but the mBJ-calculated semiconduc-
tor gap, 2.49 eV [Fig. 2(b)], is apparently larger than the
GGA value and is in accordance with the experimental
results [7, 9, 10]. Very interestingly, there are many simi-
lar features between GdFeO3 and BiFeO3 as orthoferrite
ABO3 materials. As a typical multiferroic orthoferrites
compound, however, BiFeO3 shows the characteristics of
indirect band gap. For the BiFeO3, our GGA band gap
of 0.965 eV is slightly lower than previous DFT values
of 1.06 eV [38] and 1.04 eV [39], but they are all too
small to describe the experimental values of 2.4 eV [40],
2.5 eV [41], and 2.74 eV [42]. Our mBJ calculation pro-
duces a semiconductor gap of 2.354 eV for BiFeO3 and
it is in good agreement with the experimental values. In
FIG. 2. (Color online) The spin-resolved energy bands of the
orthorhombic GdFeO3 with (a) GGA and (b) mBJ.
contrast, a band gap of 2.8 eV, obtained with screened
exchange potential [35], is too large to describe the exper-
imental values. These show that our mBJ gap of 2.49 eV
is reasonable and should be accurate for the orthorhom-
bic GdFeO3.
In Fig. 3 we present the spin-resolved densities of
states (DOSs) of the orthorhombic GdFeO3 calculated
with both GGA and mBJ. Through comparing GGA
DOS [see Fig. 3(a)] and mBJ DOS [see Fig. 3(b)], we can
see that the wide valence bands between -6 eV and 0 eV
are originated from O 2p and Fe 3p states with a mixture
of some Gd 5p6s, and the conduction bands are mainly
from Fe 3d and Gd 4f states. Our analysis shows that
the filled O 2p states are located between -6 and 0 eV.
The filled Gd 4f states are between -3.4 and -1.2 eV, and
the empty ones are between 2.8 and 3.4 eV. The filled Fe
eg states are between -0.85 and 0.0 eV, and the empty
ones between 2.49 and 2.93 eV. The empty Fe t2g states
are between 3.37 and 3.88 eV. In order to understand
the electronic properties of the orthorhombic GdFeO3,
the total and partial density of states of BiFeO3 are also
investigated with mBJ (not presented here). The top of
valence bands consist mainly of O 2p states and some Fe
3d and Bi 6p states, and the bottom of conduction bands
are originated from Fe 3d states and O 2p states. Our
DOS calculated with mBJ is significantly more accurate
than the previous theoretical work with GGA [38, 39],
and however is close to the sX potential result [35]. It is
interesting that the two materials share main features in
the density of states.
C. Effects of the spin-orbits coupling
The spin-orbit coupling (SOC) is important to elec-
tronic materials including heavy atoms such as Gd. It can
cause magnetocrystalline anisotropy. With GGA+SOC
method, we calculate total energy of the orthorhombic
GdFeO3 by taking the SOC into account. Setting the
4FIG. 3. (Color online) Spin-resolved total density of states
of the orthorhombic GdFeO3 with (a) GGA and (b) mBJ.
The upper part is for majority-spin channel and the lower for
minority-spin one.
magnetization in the [100], [010], [001], [110], [101], [011],
and [111] directions, we obtain the total energies: 2.6, 3.8,
0, 3.2, 8.7, 1.3, and 1.6 µeV, respectively. It is obvious
that the lowest energy is along the [001] direction. These
indicate that the easy magnetization axis (the most sta-
ble magnetic orientation) of the orthorhombic GdFeO3 is
along the [001] axis.
In the easy axis, the total spin moment is precisely
equivalent to 0µB per formula unit without SOC for the
orthorhombic GdFeO3. According to the Hund’s rule,
the cations Gd3+ and Fe3+ possess the high spin values
of s = 7/2 and s = 5/2, respectively, and the antiferro-
magnetic coupling makes the total spin moment equal to
0µB per formula unit. Since part of the spin moments
are located in the interstitial region, the spin moments of
the individual Gd3+ and Fe3+ are 6.855µB and 4.082µB,
smaller than the theoretical 7µB and 5µB, respectively.
When taking SOC into account, the spin moments of
Gd3+ and Fe3+ reduce to 6.811µB and 4.080µB, respec-
tively. The orbital moment of Fe 3d is 0.183µB, which
has the same sign as the spin moment, and the orbital
moment of Gd3+ ion is 0.088µB.
The semiconductor gap Eg is also investigated by us-
ing mBJ. The semiconductor gap becomes smaller 2.40
eV when SOC is taken into account. We present in Fig.
4(a) the density of states of the orthorhombic GdFeO3
obtained with mBJ+SOC. Looking closely at the Fig.
FIG. 4. (Color online) The Spin-resolved (a) total density of
states and (b) energy bands of orthorhombic GdFeO3 with
mBJ+SOC.
4(a), the semiconductor gap is slightly smaller than that
without SOC. This should be because the Fe 3d and Gd
4f bands become wider due to SOC. Fig. 4(b) explic-
itly demonstrates the energy bands with mBJ+SOC. The
band structures and density of states show that the en-
ergy bands, especially the conduction bands, in both of
the spin channels hybridize with each other.
5D. Exchange interactions
The magnetic exchange interactions on the Gd3+ and
Fe3+ can be investigated in terms of total energy calcu-
lations. We consider four different magnetic configura-
tions, namely the antiferromagnetic (the ground state)
and the ferromagnetic order, and two other magnetic or-
ders constructed by changing the Fe and Gd spins of the
antiferromagnetic configuration to the ferromagnetic or-
der, respectively. With the first principles total energies
of the different magnetic configurations, we can deter-
mine the coupling constants of the effective Heisenberg
model [43] H =
∑
ij JijSi ·Sj, where Si is the spin opera-
tor at site i. Here, the summation is over spin pairs, and
the spin exchange parameter Jij is limited to the nearest
(Fe-Gd) and the next nearest (Fe-Fe and Gd-Gd) spin
pairs. Although the magnetic moments in the spheres
of Gd and Fe are 6.855µB and 4.082µB, the Gd
3+ and
Fe3+ cations should theoretically contribute 7 µB and
5 µB, respectively. We can assign spin values s = 7/2
and s = 5/2 to the Gd and Fe spins, respectively. Ac-
cordingly, there exists a relation between the magnetic
energies eij and exchange parameter Jij , eij = Jijsisj ,
where si takes either 7/2 or 5/2. Taking the G-AFM
ground state as a reference, the calculated total energies
of other three states are 159.9 meV, 158.6 meV, and 3.5
meV per formula unit, respectively. The total energy can
be split into E0+
∑
ij eij , where E0 is defined to be inde-
pendent of spin configuration. We obtain the following
equations from the four magnetic structures.


0 = E0 − 3eFe−Fe − 3eGd−Gd
159.9 = E0 + 8eFe−Gd + 3eFe−Fe + 3eGd−Gd
158.6 = E0 + 3eFe−Fe − 3eGd−Gd
3.5 = E0 − 3eFe−Fe + 3eGd−Gd
(1)
From the above equations, we can calculate the eij pa-
rameters, and then obtain exchange coupling parameters
Jij . The Gd-Gd and Fe-Gd spin exchange energies are
much smaller than the Fe-Fe value 26.43 meV. As a re-
sult, the spin exchange parameters Jij are 0.03 meV be-
tween the nearest Fe-Gd pair, 4.23 meV between Fe-Fe,
and 0.05 meV between Gd-Gd. It is clear that the Fe-Fe
spin coupling is dominant over the other two. If neglect-
ing the much smaller Gd-Gd and Gd-Fe interaction ener-
gies, we can estimate the Neel temperature, TN=605 K,
in terms of an analytical approach[44]. Considering that
we have not take the SOC effect into account, this Neel
temperature is very satisfactory compared to experimen-
tal value.
E. Optical properties
The optical spectroscopy analysis is a powerful tool
to determine the energy band structure of a solid mate-
rial [45, 46]. The complex dielectric function is directly
related to the energy band structure of solids. For the
orthorhombic GdFeO3, we present in Fig. 5 the mBJ
calculated curves of the complex dielectric function (the
real and imaginary parts), absorption coefficient, reflec-
tivity, energy loss function, refractive index, extinction
coefficient, and optical conductivity as functions of the
photon energy in the range of 0-9 eV. All the three po-
larization directions (E//x, y, and z) are considered.
The electronic polarizability of a material can be un-
derstood from the real part of the dielectric function
ε1(ω) [Fig. 5(a)]. The static dielectric constant ε1(0)
along the three crystallographic directions is found to
be 4.28 for E//x, 4.38 for E//y, and 4.20 for E//z, re-
spectively. The average value of zero frequency dielectric
constant ε1(0) is 4.29. However, there is no experimental
polarized zero frequency dielectric constant available for
comparison. These results clearly indicate the anisotropy
in the optical properties of orthorhombic GdFeO3. The
ratio εyy1 (0)/ε
zz
1 (0) is equal to 1.043 for estimating the de-
gree of anisotropy. From zero frequency limit, they starts
increasing and reaches the maximum value of 6.92 at 2.76
eV for E//x, 7.16 at 2.73 eV for E//y, and 6.63 at 2.65
eV for E//z, respectively. The imaginary part ε2(ω) [Fig.
5(b)] gives the information of absorption behavior of the
GdFeO3. The threshold energy of the dielectric function
is at E0 = 2.49 eV, in accordance well with the funda-
mental gap. The obtained optical gap once again proves
that mBJ can make accurate band gap for magnetic semi-
conductor. The imaginary part ε2(ω) [Fig. 5(b)] indi-
cates that the GdFeO3 is anisotropic and its maximum
absorption peak values are around 3.96, 3.82 and 3.77
eV for E//x, E//y and E//z, respectively. From Fig.
4(a), for the imaginary part ε2(ω), it is clear that there
are strong absorption peaks in the energy range of 2.5-9
eV. Because the ε2(ω) is related to the DOS, these peaks
reflect some transitions between different orbitals. Com-
pared with Fig. 3, it can be recognized that the peaks
around 3.5-4.5 eV are mainly due to transitions from Gd-
4f valence bands to O-2p conduction bands.
Fig. 5 (c)-(h) show the calculated results of the photon
energy dependence of absorption coefficient α(ω), reflec-
tivity coefficient R(ω), energy loss function L(ω), refrac-
tive index n(ω), extinction coefficient k(ω) and optical
conductivity σ(ω) of the orthorhombic GdFeO3. The ab-
sorption coefficient α(ω) [Fig. 5(c)] shows a very intense
absorption up to 9 eV. It begins to increase sharply from
2.49 eV, corresponding to the band gap value. The re-
flectivity coefficient R(ω) is displayed in Fig. 5(d), the
zero-frequency reflectivity are 12.1% for E//x, 12.5% for
E//y, and 11.9% for E//z, respectively. The maximum
reflectivity values are about 19.5%, 19.5% and 17.9%,
which occurs at 5.18 eV for E//x, 5.35 eV for E//y, and
5.51 eV for E//z, respectively. Interestingly, the strong
reflectivity maximum between 2.49 and 9 eV originates
from the interband transitions. The energy loss function
L(ω) [Fig. 5(e)] is related to the energy loss of a fast elec-
tron in the material and is usually large at the plasmon
energy [47]. The most prominent peak in L(ω) spectra
represents the characteristic associated with the plasmon
resonance and situates at 5.86 eV for E//z polarization.
6FIG. 5. Optical spectra as a function of photon energy for orthorhombic GdFeO3 calculated with mBJ: (a) Real ε1(ω), (b)
imaginary ε2(ω) parts of dielectric function, (c) absorption coefficient α(ω), (d) reflectivity R(ω), (e) energy loss function L(ω),
(f) refractive index n(ω), (g) extinction coefficient k(ω), and (e) optical conductivity σ(ω).
The refractive index n(ω) are displayed in Fig. 5(f). The
static refractive index n(0) is found to have the value 2.07
for E//x, 2.09 for E//y, and 2.05 for E//z, respectively.
The average value of n(0) is equal to 2.07. The value of
static refractive index is obtained from the real part of
dielectric function to be n(0) = ε1(0)
1/2 =
√
4.29 = 2.07,
which is same as that obtained from Fig. 5(f). A sim-
ilar trend is observed from the behaviour of the imagi-
7nary part of dielectric function ε2(ω) [Fig. 5(b)] and the
extinction coefficient k(ω) [Fig. 5(g)]. The extinction
coefficient k(ω) reflects the maximum absorption in the
medium at 4.01 eV for E//x, 3.90 eV for E//y, and 4.04
eV for E//z, respectively. The optical conductivity σ(ω)
is shown in Fig. 5(h). It starts from 2.49 eV and have
similar features with the absorption coefficient α(ω) in
Fig. 5(c).
IV. CONCLUSION
We have used FP-LAPW method to investigate the
structural, electronic, magnetic, and optical properties
of orthorhombic GdFeO3. The GGA approach has con-
firmed that the G-type AFM ordering of Fe spins is the
ground-state phase, consistent with the experimental re-
sults. The mBJ exchange potential is used for improving
on description of the electronic structures of the GdFeO3.
Our calculated results show that mBJ exchange greatly
improves the accuracy of the band gap value. The mBJ
result accords well with the experimental value and over-
comes the GGA underestimation of the band gap. Be-
sides, the spin-orbits coupling is taken into account to
determine the easy magnetic axis and investigate its ef-
fect on the electronic structure. We also calculate mag-
netic exchange constants and thereby achieve a good Neel
temperature close to the experimental value. Finally, the
optical properties also are investigated with mBJ. In ad-
dition, we also calculate electronic structure of the well-
known BiFeO3 to support our calculated results in the
case of the GdFeO3. The magnetic similarity between
these two perovskite oxide materials are very interesting.
These calculated results should be useful to obtain more
insight for the GdFeO3 and similar materials.
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